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Nitrate and sulfate account for a significant fraction of PM2.5 mass and are generally secondary in nature.
Contributions to these two inorganic aerosol components from major sources need to be identified for
policy makers to develop cost effective regional emission control strategies. In this work, a source-
oriented version of the Community Multiscale Air Quality (CMAQ) model that directly tracks the
contributions from multiple emission sources to secondary PM2.5 is developed to determine the regional
contributions of power, industry, transportation and residential sectors as well as biogenic sources to
nitrate and sulfate concentrations in China in January and August 2009.

The source-oriented CMAQ model is capable of reproducing most of the available PM10 and PM2.5

mass, and PM2.5 nitrate and sulfate observations. Model prediction suggests that monthly average PM2.5

inorganic components (nitrate þ sulfate þ ammonium ion) can be as high as 60 mg m�3 in January and
45 mg m�3 in August, accounting for 20e40% and 50e60% of total PM2.5 mass. The model simulations also
indicate significant spatial and temporal variation of the nitrate and sulfate concentrations as well as
source contributions in the country. In January, nitrate is high over Central and East China with
a maximum of 30 mg m�3 in the Sichuan Basin. In August, nitrate is lower and the maximum concen-
tration of 16 mg m�3 occurs in North China. In January, highest sulfate occurs in the Sichuan Basin with
a maximum concentration of 18 mg m�3 while in August high sulfate concentration occurs in North and
East China with a similar maximum concentration. Power sector is the dominating source of nitrate and
sulfate in both January and August. Transportation sector is an important source of nitrate (20e30%) in
both months. Industry sector contributes to both nitrate and sulfate concentrations by approximately 20
e30%. Residential sector contributes to approximately 10e20% of nitrate and sulfate in January but its
contribution is low in August.

� 2012 Elsevier Ltd. All rights reserved.
: þ1 979 862 1542.

All rights reserved.
1. Introduction

The fast economic growth of China is accompanied by rapid
increases of fossil fuel consumptions, number of vehicles, and
urban population, which result in significant increase in air pollu-
tion emissions (He et al., 2002; Wang et al., 2010a). Even though
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significant progresses have been made in emission controls and
monitoring data in hundreds of cities in China indicate a general
trend of improved air quality (Wang et al., 2010b), the air pollution
problem is still severe and more emission controls are needed to
further improve the air quality to better protect human health and
ecosystems.

Large regional scale air quality modeling studies have been
conducted in China to determine the formation mechanisms and
seasonal variations of ozone (O3) and particulate matter (PM) (Jiang
et al., 2012; Liu et al., 2007, 2010; Song et al., 2008; Tang et al., 2004;
Tie et al., 2006; Wang et al., 2011; Xing et al., 2011a; Zhang, 2005),
and the effects of Asian pollution to western US due to long range
transport (Leibensperger et al., 2011;Wang et al., 2009a). A number
of these studies focus on the three most developed regions of
China: the north and northeast area which includes Beijing, the
Yangtze River Delta area (YRD), and the Pearl River Delta (PRD).
Urban scale modeling studies with high spatial resolutions focusing
on the Beijing metropolitan area have also been performed to
determine contributions to ozone and PM from local sources and
sources outside Beijing after it was selected to host the 2008
Olympic Games (An et al., 2007; Chen et al., 2007; Streets et al.,
2007; Xu et al., 2008), and to verify the air quality benefits of
emission reduction (Wang et al., 2010c; Xing et al., 2011b). As
concerns and public awareness on air quality increase after the
Olympic Games, more studies have been conducted on under-
standing of pollutants formation and control (Guo et al., in press; Li
et al., 2011c; Wang et al., 2012; Zhao et al., 2011a). There are also
a number of air quality modeling studies using 3D chemical
transport models over the YRD area (Li et al., 2011a, 2008, 2011b;
Tie et al., 2009) mostly with a focus on O3. The PRD area is also of
significant interest to researchers because of the large population
and human activities in the region (Fan et al., 2011; Feng et al.,
2007; Lu et al., 2012; Wang et al., 2009b, 2010e; Wei et al., 2012;
Wei et al., 2007; Wu et al., 2012; Zhang et al., 2011). Very few air
quality studies using 3D air quality models have been reported for
Western and Northwestern China.

Although many of these studies provide important information
on the formation of O3 and PM in China, only a few studies have
been focused on determining the contributions to secondary
nitrate and sulfate aerosol from major source sectors, which
routinely account for a very significant portion of the overall
observed PM2.5 mass concentration (see Chan and Yao, 2008 and
references therein). Nitrate and majority of sulfate in PM2.5 are
secondary in nature and thus are expected to have significant
regional impact beyond the areas where the emissions are emitted.
For example, in a previous study, long range transport of sulfate
from power plant emissions in the northeast US is found to have
significant impacts on sulfate concentrations in east Texas (Zhang
and Ying, 2010). By using a back-trajectory analysis, Heo et al.
(2009) reported that major industrial areas in China contribute to
the elevated secondary sulfate and nitrate concentrations in Seoul
and Wu et al. (2009) reported that Hebei, Shangdong and Tianjin
are the major source areas of PM sulfate in Beijing during the
summertime.

Emissions of NOx and SO2 from major source sectors (power,
industry, transportation and residential) in China have been esti-
mated by a number of researchers (Ohara et al., 2007; Streets et al.,
2003; Zhang et al., 2009a). However, regional contributions of the
sources to overall nitrate and sulfate concentrations cannot be
determined quantitatively from these emission data alone.
Temperature, wind and relative humidity conditions can vary
significantly, which affect the formation and gas-particle distribu-
tion of the secondary components. In addition, as discussed above,
secondary inorganic aerosol can be transported over long distances,
affecting areas where emissions of precursors are small. In order for
policy makers to design efficient control measures, the contribu-
tions of different emission sectors to current regional pollutant
concentrations need to be quantified to support decision making.

Receptor-oriented source apportionment techniques, however,
cannot be directly used to determine contributions of different
emission sources to the observed secondary inorganic aerosol
concentrations. Although a source-oriented UCD/CIT air quality
model has been used in the past to determine source contributions
to primary and secondary aerosol in the US (Ying and Kleeman,
2006; Ying et al., 2008; Zhang and Ying, 2010), the sectional
particle representation makes it highly computationally intensive
for long term simulations over large areas. The Community Multi-
scale Air Quality (CMAQ) model represents particle composition
and size distribution with three modes and is more computation-
ally efficient. The sulfate and nitrate concentrations predicted by
the CMAQ model with a modal particle representation have been
shown to agree well with size resolved measurements (Kelly et al.,
2011) and a CMAQ model with sectional particle representation
(Zhang and Wexler, 2008). The CMAQ model has a very large user
base and thus implementing this nitrate and sulfate tracking
techniquewill benefit researchers that use CMAQ in different areas.
The objective of this research is to develop a source-oriented CMAQ
model to determine source contributions to secondary nitrate and
sulfate from major source sectors (power, industry, transportation,
residential, and biogenic) in China.

2. Model description

In this study, a source-oriented version of the CMAQ model
(based on version 4.7.1) is used to directly determine source
contributions to PM2.5 nitrate and sulfate. The SAPRC-99 photo-
chemical mechanism (Carter, 2000) and the AERO5 aerosol module
(Byun and Schere, 2006; Foley et al., 2010) are modified so that NOx

and SO2 from different source sectors are treated as different
species and their reaction products are tracked separately through
the gas phase chemistry and aerosol processes that form secondary
inorganic aerosol. This source-tracking technique has been previ-
ously implemented in the CMAQ model to directly determine the
source contributions of NOx and VOC precursors to O3 (Ying and
Krishnan, 2010; Zhang and Ying, 2011a) and secondary organic
aerosol (Zhang and Ying, 2011b, 2012). The method for nitrate and
sulfate source apportionment is briefly described below.

The tracer based source-oriented technique introduces addi-
tional source-tagged gas and particle phase species and the reac-
tions involving these species. The aerosol and cloud modules are
then expanded to include treatments for additional secondary PM
species. A conceptual scheme of the source-oriented nitrate and
sulfate formation through gas phase reactions of SO2 and NO2 with
hydroxyl radical (OH) is shown in reaction sets (R1):

SOi
2 þ OH/H2SO

i
4/SðVIÞi

NOi
2 þ OH/HNOi

34NðVÞi ; i ¼ 1;2; :::N (R1)

N is the total number of explicit sources tracked in the model.
SO2

i and NO2
i represent SO2 and NO2 emitted from source type i.

H2SO4
i and HNO3

i represent gas phase products of SO2
i and NO2

i , and
S(VI)i and N(V)i are secondary particulate sulfate and nitrate due to
gas-to-particle partitioning of H2SO4

i and HNO3
i . Other reactions

that involve reactive nitrogen species such as N2O5 are also
expanded in a similar way. The current version of the source-
oriented CMAQ model tracks up to 9 sources (including 8 explicit
source types and one vanilla type for boundary/initial conditions
and primary emissions) simultaneously with 304 gas phase species
and 2000 gas phase reactions. The updated source-oriented gas
phase mechanism is processed using the chemical mechanism
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preprocessor and solved using the SMVGEAR solver. The aerosol
and cloud modules are modified manually to include additional
species.

3. Model application

January and August of 2009 are simulated to investigate the
variations in the source contributions during winter and summer
episode, respectively. 2009 is chosen because it is the first year that
PM2.5 observations can be found for South Korea, Japan, and
Taiwan, and nitrate and sulfate measurements are available at the
Tsinghua site and in the PRD area. January and August are chosen
not only for their representativeness of typical winter and summer
climatology conditions that affect formation and transport
secondary PM, but also their significant differences in emissions
from major source categories (see Supplementary Materials for
more discussions).

The first 5 days of each month are used as spin-up and excluded
from the analysis. The domain (197 � 129 grid cells) used in this
study covers most part of East Asiawith a horizontal grid resolution
of 36 km. The overall model height is approximately 20 km above
ground level and is divided into 18 stretching vertical layers with
a first layer height of 35 m. Fig. 1 shows the domain map with
locations of the meteorology and air quality observation stations.
Surface elevation of the domain is illustrated in the inset of the
figure.

The meteorological inputs are generated by the Weather
Research Forecast model (WRF) v3.3 using an identical horizontal
domain setting as the CMAQ model but with 29 vertical layers. The
lowest 8 layers of the WRF and the CMAQmodels are identical. The
Fig. 1. Simulation domain. The purple dots represent the meteorology sites. The red square
Four of the PM10 cities are in mainland China (BJ: Beijing, SH: Shanghai, GZ: Guangzhou an
selected stations with PM2.5 measurements. Two are located in Taiwan (DS: Dongshang and
CQ (Chongqing, blue square) is one of the locations that are used to time series of source co
interpretation of the references to colour in this figure legend, the reader is referred to the
physical options used to drive the WRF simulation are listed in
Table S1. The initial and boundary conditions for the WRF simula-
tions are prepared using the 1� � 1� resolution NCEP FNL Opera-
tional Model Global Tropospheric Analyses dataset (available at
https://dss.ucar.edu/datazone/dsszone/ds083.2/). Other input
data, including the land use/land cover and topographical data are
based on the 30 s resolution default WRF input dataset.

The initial and boundary conditions for air quality simulations
are generated using the default CMAQ profiles. Anthropogenic
emissions of CO, NOx, SO2, speciated VOC, black carbon (BC),
organic carbon (OC), primary PM2.5 and PM10 are generated based
on the 0.5� � 0.5� resolution 2006 Asia Emission Inventory for the
Intercontinental Chemical Transport Experiment (INTEX-B) study
as described in detail by Zhang et al. (2009a), downloaded from
http://www.cgrer.uiowa.edu/EMISSION_DATA_new/index_16.
html. The BC and OC emissions are assumed to be within the size
range of PM2.5. Primary sulfate emissions from power sector are
estimated by assuming that 26.5% of the primary PM2.5 mass from
the sector is sulfate (Zhang et al., 2004). Primary sulfate from other
sources is assumed to be much smaller thus not included in the
current analysis. The remaining mass in primary PM2.5 and all
primarymass between PM2.5 and PM10 are considered non-reactive
and are not further speciated. The anthropogenic NH3 emissions are
based on the 1� �1� resolution NH3 emission inventory for the year
2000 as described by Streets et al. (2003). These gridded annual
emissions are remapped to the 36 � 36 km2 CMAQ model grid
using the Spatial Allocator program developed by the US EPA.
Fig. S1 shows the remapped emissions of NOx and SO2 from the
power, transportation, industry and residential sectors in themodel
domain. Emissions from residential sectors include combustion of
s are the selected Chinese cities with PM10 measurement (converted from API values).
d XA: Xi’an), and two in Taiwan (KM: Kinmen and CL: Cailiao). The blue circles are the
TN: Tainan), three are in South Korea (Seoul, Busan and Jeju), and one in Japan (Tokyo).
ntributions. Inset shows the average terrain height (meters above mean sea level). (For
web version of this article.)

https://dss.ucar.edu/datazone/dsszone/ds083.2/
http://www.cgrer.uiowa.edu/EMISSION_DATA_new/index_16.html
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biofuel and fossil fuel for heating, cooking and lighting as well as
non-combustion sources.

The re-gridded annual emissions are processed using an in-
house emission preprocessor to generate hourly emissions by
applying source sector specific temporal allocation profiles. The
monthly temporal allocation profiles are based on Zhang et al.
(2007) (for non-NH3 source categories) and Streets et al. (2003)
(for NH3). Weekly profiles are based on the profiles described by
Wang et al. (2010d). There is noweekday/weekend difference in the
NH3 emissions so a weekly profile is not necessary. The diurnal
variation profiles to generate hourly emissions are based on the
profiles listed in Olivier et al. (2003) (for non-NH3 source cate-
gories) and Chinkin et al. (2003) (for NH3). Emissions from power
industry are distributed vertically using the species dependent
vertical distribution profiles documented in Wang et al. (2010d).

Difference in the emissions between the emission base year
2006 and the simulation year 2009 might contribute to the differ-
ences between observations and predictions and errors in the
source apportionment results. Instead of using some projected
inventories for 2009 or more localized inventories, the original
2006 INTEX-B inventory is used in this study because inventories
for this region have significant uncertainties (Zhang et al., 2009a).
As recently assessed by Zhao et al. (2011b), the uncertainties of
emissions in China are remarkable and mainly from the uncer-
tainties of activity levels or emission factors for various sources.
Thus, using projected inventories without updated activity levels
and emissions factors from 2006 to 2009 is not likely going to
increase the model performance significantly. Moreover, a recent
study found that changes in SO2 emissions between 2006 and 2009
from coal combustion sources are less than 10% (Zhang et al., 2012)
suggesting that difference between 2006 and 2009 emissions
might be well within the uncertainties of the current emission
inventory. Nonetheless, future studies should aim to reduce the
uncertainties in the emission inventory and apply year specific data
wherever possible.

Biogenic emissions are generated using the MEGAN biogenic
emission processor (version 2.04, download from the NCAR web-
site, http://acd.ucar.edu/wguenther/MEGAN/MEGAN.htm) driven
by the WRF meteorology predictions. Windblown dust emissions
from soil erosion are also included in the model simulation.
Table 1
Performance statistics of WRF meteorology predictions for January and August 2009.

Variables Statistics China Japan Korea Overa

January, 2009

T2 (K) OBS 263.7 276.3 272.5 269.4
PRE 263.8 277.3 272.9 270.2
MB 0.1 1.1 0.4 0.7
GE 3.0 2.7 2.5 3.2
RMSE 4.1 3.5 3.1 4.3

WS (m s�1) OBS 3.4 3.6 3.5 3.5
PRE 5.1 5.1 5.1 5.0
MB 1.7 1.6 1.6 1.5
GE 2.1 2.2 2.0 2.1
RMSE 2.7 2.8 2.6 2.7

WD (deg) OBS 218.2 211.0 225.5 210.7
PRE 238.9 228.0 252.1 228.5
MB 19.2 16.6 19.9 17.0
GE 43.6 49.6 41.3 47.9
RMSE 60.3 66.7 57.0 64.7

RH (%) OBS 86.6 80.3 80.2 79.7
PRE 89.2 79.5 81.4 75.0
MB 2.6 �0.8 1.2 �4.7
GE 11.9 11.0 10.7 13.3
RMSE 15.8 14.3 14.2 17.7

OBS: mean observation. PRE: mean prediction. MB: mean bias. GE: gross error. RMSE: ro
a Suggested by Emery et al. (2001) for the MM5 model in the East US with 4e12 km g
Emissions of dust in PM10 and PM2.5 size ranges are calculated
based on the dust emission parameterization as described in Choi
and Fernando (2008). The 16-category soil type distribution and
20-category land use/land cover data are based on the default WRF
initialization data available from NCAR as discussed above. Soil
moisture, surface frication velocity and other necessary informa-
tion are also retrieved from the WRF simulation.

4. Results and discussion

4.1. Meteorology model performance

The predicted temperature (T2) and relative humidity (RH) at
2 m above surface, and wind speed (WS) and wind direction (WD)
at 10m above surface are compared with observation data from the
National Climatic Data Center (NCDC). There are approximately
1600 stations with hourly or every-third-hour observations in the
domain (see Fig. 1). The observations from these stations are
compared with the WRF predictions at the grid cells where the
stations are located. The statistics to evaluate the domain-wide and
country-level (China, South Korea and Japan) performance of WRF,
including mean observation (OBS), mean prediction (PRE), mean
bias (MB), gross error (GE), and root mean square error (RMSE), are
shown in Table 1. Generally, the WRF model predictions are better
in August than in January. The model performance statistics are
similar to other studies using WRF (Fast et al., 2006; Misenis and
Zhang, 2010; Zhang et al., 2009b, 2010).

A set of meteorology modeling performance benchmarks based
on Emery et al. (2001) is also included in Table 1 for reference. The
WRF model performance statistics in this study are generally
similar to the recommended values. However, these recommen-
dations are based onMM5 simulations for the relatively flat eastern
United States with horizontal grid resolutions of 12 and 4 km and
with observation nudging for wind speed and direction. Although
a recent study that compares WRF and MM5 based simulations
over North America suggested that WRF performance is similar to
that of MM5 (Gilliam and Pleim, 2009), reference WRF model
performance criteria for East Asia is not available in the literature.
Future studies are needed to evaluate WRF under typical East Asia
conditions to set up model performance criteria as more and more
ll China Japan Korea Overall Benchmarka

August, 2009

294.0 297.5 297.0 295.7
294.9 296.8 296.4 295.2

0.8 �0.6 �0.7 �0.4 � �0.5
2.4 2.1 2.0 2.4 �2.0
3.1 2.8 2.5 3.2
3.1 3.3 2.8 3.3
4.2 4.0 3.8 4.1
1.1 0.7 1.0 0.8 � �0.5
1.7 1.6 1.5 1.6 �2.0
2.2 2.1 1.9 2.1 �2.0

184.3 165.3 168.6 173.1
188.8 167.9 163.9 177.0

8.2 5.0 �3.3 6.3 � �10
44.6 46.4 50.5 47.1 � �30
60.9 63.3 67.8 64.1
64.8 76.2 76.2 70.8
59.1 84.9 83.6 72.1
�5.7 8.7 7.4 1.3
13.2 12.8 12.5 13.1
17.4 15.8 15.4 16.7

ot mean square error.
rid resolution.

http://acd.ucar.edu/%7Eguenther/MEGAN/MEGAN.htm
http://acd.ucar.edu/%7Eguenther/MEGAN/MEGAN.htm
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air quality studies will be focused on this region and accurate
meteorology model results are essential in driving chemical
transport models. For this study, the WRF model results are used
without further adjustment or improvement of the WRF model.

4.2. PM model performance

Fig. 2 shows the comparison of observed and predicted PM2.5
concentrations at stations in Taiwan (Tainan and Dongshan, data
retrieved from Taiwan Air Quality Monitoring Network, http://
taqm.epa.gov.tw/taqm/en/default.aspx), South Korean (Seoul,
Busan and Jeju, data retrieved from AirKorea, http://www.airkorea.
or.kr/airkorea/eng/index.jsp), and Japan (Tokyo, data retrieved from
National Institute for Environmental Studies, http://www.nies.go.
jp/index-j.html). The stations are selected to represent a wide
range of observed concentrations, and the diurnal and day-to-day
variations of the concentrations. Since the stations in Taiwan and
South Korea are frequently affected by emissions from mainland
China, the comparison of predicted and observed concentrations in
these areas provides an indirect evaluation of the capability of the
model in predicting concentrations in mainland China.

The observed PM2.5 concentrations in January are generally well
reproduced and many of the high PM2.5 events and episodes in
Dongshan (Fig. 2(b)), Seoul (Fig. 2(c)), Busan (Fig. 2(d)) and Jeju
(Fig. 2(e)) are correctly captured. In Tainan (Fig. 2(a)), the observed
concentrations typically vary between 60 and 120 mg m�3 but the
predictions are significantly lower. The persistent high concentra-
tions suggest influences from significant local emissions, which
cannot be captured by the current model with a relatively coarse
Fig. 2. Predicted and observed hourly PM2.5 mass concentrations in Taiwan (aeb
resolution. The observed concentrations in Tokyo (Fig. 2(f)) are
typically under 15 mg m�3 in January. The model well predicts the
PM2.5 concentrations for the first half of the month while slightly
over-predicts for the second half.

The observed PM2.5 concentrations are generally lower in
August than those in January and the model correctly predicts this
seasonal variation. Concentrations in Tainan (Fig. 2(f)) are still
under-predicted, as in January. The model correctly captures some
diurnal and day-to-day variations of the observations, such as the
high PM episode in Seoul (Fig. 2(i)) from August 13 to 16, in Busan
(Fig. 2(j)) on August 12 and the gradual increase of PM2.5 in Tokyo
(Fig. 2(l)) from August 11 to 15. PM2.5 concentrations are signifi-
cantly over-predicted from August 7 to 11 in Tainan and Dongshan
(Fig. 2(heg)) because the model incorrectly predicts high wind-
blown dust emissions when a very strong low pressure system
(Typhoon Morakot) passed through the area.

The decrease of the PM2.5 concentrations in the summer is
affected by climatologic factors as well as emissions and chemistry.
Most importantly, stronger vertical turbulent mixing leads to the
dilution of both primary and secondary pollutants in summer.
Emissions of primary PM (mostly related with residential source
due to heating and windblown dust source) are also lower in
summer than in winter (see Table S1). Furthermore, secondary
PM2.5 components are also lower in summer (see Fig. 4 in the
following section and associate discussions).

Predicted PM10 in January and August are compared with direct
PM10 observations or estimated PM10 concentrations based on re-
ported daily API in six cities in China. Although the converted PM10
concentrations may not directly reflect the model performance on
, geh), South Korea (cee, iek) and Japan (f, l) in January and August 2009.

http://taqm.epa.gov.tw/taqm/en/default.aspx
http://taqm.epa.gov.tw/taqm/en/default.aspx
http://www.airkorea.or.kr/airkorea/eng/index.jsp
http://www.airkorea.or.kr/airkorea/eng/index.jsp
http://www.nies.go.jp/index-j.html
http://www.nies.go.jp/index-j.html


Fig. 3. Predicted and observed 24-hr average PM2.5 nitrate (a,b) and sulfate (c,d) concentrations at five urban stations (Nansha, Nanhai, Guangzhou, Dongguan and Tsuen Wan) in
the Pearl River Delta (PRD) region and an urban station (Tsinghua) in Beijing (Units are mg m�3). Blue dots show the observed 24-h averaged concentrations available at each station.
Solid lines are predicted concentrations at the exact grid cells where the stations are located. The boxewhisker plot shows the minimum, maximum, median and inner 50% quartile
of the concentrations within 3 grid cell by 3 grid cell regions that surround the observation stations. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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PM2.5, it generally shows the how the overall performance of the
model. The model predictions generally agree well with observa-
tions. More details of the conversion of daily API to PM10 concen-
trations and the PM10 comparison are available in the
Supplementary Materials (see Fig. S2 and the associated text).

Daily average PM2.5 nitrate and sulfate were collected in Beijing
on the campus of Tsinghua University in January 2009 and at 5 sites
in the Pearl River Delta (PRD) region (see Fig. S3 for the locations of
the 5 stations) in both January and August 2009. The PM2.5 nitrate
and sulfate at the Tsinghua site were collected using a five-channel
Spiral Ambient Speciation Sampler (SASS) with Teflon filters. The
filters were analyzed for water soluble ions using ion chromatog-
raphy. PM2.5 nitrate and sulfate in the PRD were determined using
ion chromatographic analysis of water extracts of nylon filters. The
nylon filter samples were collected using either an SASS or a refer-
ence ambient air sampler (RAAS-400, Thermo Scientific, Waltham,
MA) and a sodium carbonate coated denuder was placed upstream
the nylon filter (Wu et al., submitted for publication).

As shown in Fig. 3, the model correctly predicts the January
nitrate concentration and its day-to-day variations at the PRD
sites. It also shows that although generally the spatial gradient of
the predicted nitrate is small (which can be seen from the narrow
range of the concentrations within the 9 grid-cell region
surrounding each site), on certain days it can be quite significant,
especially when the concentrations are high. The January nitrate
concentration at the Tsinghua site is under-predicted during the
week of January 15e21, but the model correctly predicts the day-
to-day variation. Analysis of the meteorology conditions (see
Fig. S4) shows that January 15e21 is a stagnation period with slow
surface wind (approximately 1.5 m s�1). The temperature is
generally below 273 K and the lowest temperature of each day is
usually 263e268 K. The WRF model correctly predicts the wind
speed and direction but significantly over-predicts the night
time temperature by approximately 5 K. The over-prediction of
temperature might be responsible for the under-predictions of
nitrate, as higher temperature tends to drive nitrate back into the
gas phase as nitric acid (Aw and Kleeman, 2003; Dawson et al.,
2007; Jacob and Winner, 2009). Another possible cause of the
under-prediction is the aerosol module as the thermal dynamic
data (for example the N2O5 accommodation coefficient, see
Table 1 and 2 of Davis et al. (2008)) needed for temperatures
below 273 K are generally missing, which leads to potential errors
in the model predictions. More studies are needed to evaluate the
aerosol module performance under low temperature conditions
that are common in north China in winter. August nitrate
concentrations are lower than those of January and the model
generally captures the concentrations at the PRD sites except at
Dongguan. The day-to-day variation of the concentrations is



Fig. 4. Contributions of inorganic PM2.5 components (sum of nitrate, sulfate and ammonium ion) to overall PM2.5 mass. The left panels show predicted episode averaged
concentrations (Units are mg m�3) for January (a) and August (c) along with the monthly averaged surface wind field. The right panels show predicted episode averaged fractional
contribution of the inorganic components to overall PM2.5 mass concentrations for January (b) and August (d). The scales of the panels are different.
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correctly captured. The Tsinghua site does not have observation
data for August.

January sulfate concentrations at the PRD sites are generally
under-predicted by 5e10 mg m�3, although the model correctly
captures the increasing and then decreasing trend at all sites. The
spatial variation of sulfate is small, suggesting that the under-
prediction is likely unrelated with uncertainties in the wind
prediction. The January sulfate concentrations at the Tsinghua site
are also under-predicted, although the model correctly predicts the
sharp increase of sulfate on August 17. August sulfate concentra-
tions at all PRD sites are well predicted. The spatial gradient of the
sulfate concentration is quite significant, implying that the accuracy
of the prediction at the site will depend on the meteorology,
especially the wind field. At the Tsinghua site, the predicted sulfate
concentrations can be as high as 20 mg m�3 with a clear “sawtooth”
shape, which is controlled by synoptic cycles, specifically the
passage of cold fronts (Jia et al., 2008). Although no direct obser-
vations are available, the predicted concentrations are generally
similar to those measured in July at the same site and in August
2007 at a nearby site (Ianniello et al., 2011). The spatial gradient of
sulfate is much smaller than that of nitrate. The difference in the
spatial gradient of sulfate and nitrate at the Tsinghua site implies
that the source sectors that affect sulfate and nitrate concentrations
at this site are different. More analysis on the source sector
contributions will be presented in Section 4.3 and 4.4.

4.3. Regional source apportionment of PM2.5 nitrate and sulfate

4.3.1. Contribution of inorganic aerosol to overall PM2.5 mass
Fig. 4 shows the predicted monthly average concentration of

PM2.5 inorganic aerosol components (nitrate þ sulfate þ
ammonium ion) and its fractional contribution to the overall PM2.5
for January and August. Fig. 4(a) shows that as a result of the
predominant wind from west and northwest in January, inorganic
aerosol has a clear regional distribution with high concentrations
(greater than 30 mg m�3) in Central, Eastern and east part of
Southwest China (Fig. S5 shows the region designations of China).
The average inorganic aerosol concentration is highest in the
Sichuan Basin with a maximum concentration of approximately
60 mgm�3. The high concentrations of nitrate and sulfate in Sichuan
Basin can be explained from both meteorology and emissions. As
shown in Figs. S1 and S6eS9, the emission rates of NOx and SO2 in
Sichuan Basin are at same level as the more developed areas in East
China due to its high population (it is one of the most densely
populated areas in China with a population density of 538 people-
km�2). In addition, the Sichuan Basin is a lowland region to the east
of the Tibetan Plateau, surrounded by mountain ranges 1000e
3000 m above mean sea level (MSL) (see Fig. 1). This unique
topography leads to low wind speeds (see wind vectors in Fig. 4)
and tends to trap emissions as well as the secondary nitrate and
sulfate formed within the basin. Concentrations are lower in
Southern China as a mountain range (the Nanlin Moutains) effec-
tively blocks the aerosols from moving further south. Fig. 4(b)
shows that inorganic aerosol accounts for 34e45% of total PM2.5
mass in the southern part of China while in Central and North-
eastern China it accounts for approximately 20e30% of total PM2.5
mass. The lower fraction is mainly due to higher primary PM
emission from residential heating. Fig. 4(c) shows that inorganic
aerosol concentrations are lower in August with the highest
concentrations of approximately 45 mg m�3 occurring in Hebei and
Henan provinces in Northern and Central China, respectively. The
spatial distribution of the secondary components is more limited
than that in January due to slower wind as illustrated by the wind
vectors. Fig. 4(d) shows that inorganic aerosol accounts for 40e50%
of PM2.5 mass in most of the areas in August. The fractions are
higher in part of Southeast China, and over the Pacific Oceanwhere
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the fractional contributions can be as high as 90%. The increase in
the inorganic fraction is due to lower emissions of primary PM and
faster photochemical production of secondary components in
August.

4.3.2. Regional source contributions to PM2.5 nitrate
Fig. 5 shows the source sector contributions to overall PM2.5

nitrate concentrations in January. Fig. 5(a) indicates that the
maximum nitrate of approximately 30 mg m�3 occurs in the
Sichuan Basin, and the overall spatial distribution of nitrate is
similar to the spatial distribution of total PM2.5 inorganic aerosol
shown in Fig. 4(a), with high concentrations occurring in Central,
Eastern and east part of Southwest China (20e30 mg m�3). In some
other populated provinces, the concentration of nitrate is
approximately 10e15 mg m�3 Fig. 5(b) indicates that contributions
due to initial/boundary conditions and primary nitrate from
windblown dust is small, with concentrations less than 0.5 mg m�3

for most part of the model domain. Contributions of different
sectors to secondary nitrate are shown in Fig. 5(cef). Fig. 5(cee)
Fig. 5. (a) Episode averaged PM2.5 nitrate in January, 2009, and contributions due to (b) upw
power, (d) industry, (e) transportation, and (f) residential sectors. Units are mg m�3. The sc
show that power sector (Fig. 5(c)) is the largest source of PM2.5
nitrate and industry (Fig. 5(d)) and transportation (Fig. 5(e))
sectors are also significant contributors. These three sources have
similar spatial distributions as the overall nitrate distribution. The
maximum monthly average concentration due to power sector
reaches 10e12 mg m�3 while the contributions due to industrial
and transportation sectors are approximately 7 mg m�3 Fig. 5(f)
shows that the contributions to nitrate due to residential sector
are highest in the Sichuan Basin, with a maximum concentration
of approximately 6 mg m�3. In Central and Southern China, the
contributions are typically 2e3 mg m�3.

Fig. 6 shows the source sector contributions to nitrate in
August. As illustrated in Fig. 6(a), overall nitrate concentrations
are significantly lower than January and are located mainly in
Central China and the Sichuan Basin. The maximum overall nitrate
concentration is approximately 16 mg m�3. Higher temperature,
which prefers nitrate partition into the gas phase, is the main
reason for the reduced nitrate concentration (Ying et al., 2007).
The nitrate is not as widely distributed geographically as it is in
ind sources and primary nitrate from windblown dust, and secondary nitrate from (c)
ales of the panels are different.



Fig. 6. Same as Fig. 5 but for August 2009.

H. Zhang et al. / Atmospheric Environment 62 (2012) 228e242236
January due to slower wind speed (see Table 1 and Fig. 4(c)) and
faster transformation of NOx into HNO3 that limits the nitrate
more close to the emission source regions (Ying and Kleeman,
2009). Fig. 6(b) shows the contributions from windblown dust
and boundary conditions are negligible, typically below
0.05 mg m�3. Power sector is again the leading source of nitrate,
contributing as much as 7 mg m�3 in the northern part of Central
China, which is approximately 44% of the overall nitrate concen-
tration. Contribution of this source sector along the east coast and
in Sichuan Basin is usually low, on the order of 1e2 mg m�3

Fig. 6(d) shows that industry sector accounts for approximately
5 mg m�3 of nitrate in August, which is approximately 70% of the
contribution from power sector. Fig. 6(e) shows that trans-
portation sector contributes as much as 3 mg m�3 of nitrate in
August in areas near Beijing and its downwind areas. The
concentrations around Shanghai, another major metropolitan area
on the east coast, are approximately 1.5 mg m�3. The contributions
due to residential sector are much smaller comparing to January,
with a maximum concentration of less than 0.5 mg m�3, as illus-
trated in Fig. 6(f).
4.3.3. Regional source contributions to PM2.5 sulfate
Fig. 7 shows the regional distributions of PM2.5 sulfate from

different source sectors in January. As demonstrated in Fig. 7(a), the
sulfate concentrations in Northeast, North, Central and East China
are approximately 4e8 mg m�3, while the concentrations in the
Sichuan Basin can be as high as 18 mg m�3. The photochemical
reaction that converts SO2 to H2SO4 in winter is slow due to lower
temperature and solar radiation. This slow reaction rate along with
the strong north/northwest wind allows rapid dilution of SO2
before it being converted into sulfate, leading to generally lower
concentrations in most part of the country. The Sichuan Basin
experiences the highest winter time sulfate due to the limited air
circulation that allows the sulfate to accumulate. Contribution of
primary sulfate from power sector (initial/boundary conditions and
windblown dust contributions are much smaller) is approximately
1e2 mg m�3, as illustrated in Fig. 7(b). Fig. 7(c) shows that power
sector is the major source of secondary sulfate, accounting for
approximately 40e45% of the total PM2.5 sulfate with a maximum
concentration of 8 mg m�3. Combing the contributions of primary
and secondary sulfate, power sector accounts for more than 50% of



Fig. 7. (a) Episode averaged PM2.5 sulfate in January, 2009, and contributions due to (b) upwind sources and primary sulfate from power sector and windblown dust, and secondary
sulfate from (c) power, (d) industry, (e) transportation, and (f) residential sectors. Units are mg m�3.
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the predicted PM2.5 sulfate in winter. Fig. 7(d) shows that industry
sector is the next significant source of PM2.5 sulfate, with
a maximum concentration of 4 mg m�3 in the Sichuan Basin.
Fig. 7(e) shows that contribution due to transportation sector is
generally small (less than 0.05 mg m�3). Residential sector is also
a key contributor to the ambient sulfate concentration, most likely
due to residential heating during cold winter months. As shown in
Fig. 7(f), the highest contribution also occurs in the Sichuan Basin
with a maximum concentration of approximately 5 mg m�3.

Fig. 8(a) shows that themaximumPM2.5 sulfate concentration in
August is also approximately 18 mg m�3, similar to that in January.
Maximum sulfate concentrations are similar because increased
secondary formation in the summer partially compensates for the
increased dilution due to enhanced vertical mixing. However, the
areas where sulfate concentrations are high are now located in
Northern and Central China, as well as in the Sichuan Basin. As
shown in Fig. 8(b), the primary sulfate concentrations due to power
sector are lower than those of January, due to strong vertical
dilution and wet deposition in August. Fig. 8(c) shows that
contributions of power sector to secondary sulfate have similar
spatial distribution as the overall sulfate concentration, with
a maximum concentration of 12 mg m�3 (approximately 66% of the
overall sulfate). Contributions from industry sector in Northern and
Central China are approximately 2e3 mg m�3 and as high as
5 mg m�3 in the Sichuan Basin, as shown in Fig. 8(d). Fig. 8(e) shows
the contributions due to transportation sector are small in China.
Contributions due to residential sources are also small, with
a highest concentration of 1 mg m�3 in the Sichuan Basin.

In order to understand the relative importance of gas phase vs.
aqueous production of secondary sulfate, an additional set of
simulations are performed by skipping the aqueous sulfate
formation chemistry in the CMAQ cloud model. The amount of
secondary PM2.5 sulfate from aqueous phase chemistry is estimated
by the difference between the base case simulations and the gas-
phase-only simulations. Fig. 9(a) and (b) show that in January
high secondary PM2.5 secondary sulfate concentrations in the
Sichuan Basin is mostly due to gas phase OH oxidation pathway. In
coastal areas such as the PRD region, aqueous pathway almost as



Fig. 8. Same as Fig. 7 but for August 2009.
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important as the gas phase pathway. Fig. 9(c) and (d) show that
aqueous chemistry is more important in August than in January and
inmany areas it producesmore sulfate than the gas phase oxidation
pathway. For example, in the PRD region, the model predicted
sulfate concentrations due to aqueous pathway is 5e6 mg m�3,
which is much higher than the sulfate from gas phase pathway of
1e2 mg m�3.

What deserves a note here is that the relationship of the source
apportionment results of nitrate and sulfate with the emissions of
their precursors. Figs. S6eS9 show the regional distribution of
emissions of nitrate and sulfate precursors (e.g. NOx and SO2) by
emission source sectors. While qualitatively it is true that larger
emission sources contribute to higher overall concentrations, the
spatial distribution of emission source regions is significantly
different from the source-resolved concentration distributions,
suggesting significant regional transport of precursor emissions
and resulted secondary pollutants. Since a direct relationship
between emission sources and ambient concentrations cannot be
inferred easily due to this regional transport, a follow-up study will
be conducted to explore the source region contributions of
precursor contributions to concentrations at different receptor
locations.

4.4. Source contributions to PM2.5 sulfate and nitrate at major
urban areas

Fig. 10 shows the predicted time series of relative source
contributions to PM2.5 nitrate and sulfate in five major urban areas
in China: Beijing, Shanghai, Pearl River Delta (PRD) (includes the
greater Guangzhou area and Hong Kong), Chongqing and Taipei.
The results in Fig. 10 for all the cities except PRD are based on the
predicted concentrations at the grid cell where the urban center is
located. For PRD, the results are averaged values from a 5 by 5 grid
cell region that covers the PRD sites (see Fig. S3).

In January, nitrate can reach as high as 40 mg m�3 in Chongqing.
Power generation is the most important source of nitrate for all
urban areas, accounting for 40e50% of the nitrate on most of the
days. Contributions from industry and transportation sectors are
very close (approximately 20%) and important to all the urban
areas. Residential sources account for 10% in Beijing, Shanghai and



Fig. 10. Time series of relative source contributions to PM2.5 nitrate and sulfate at five urban areas in China in January and August 2009. The black dots are predicted concentrations
of PM2.5 nitrate and sulfate.

Fig. 9. Predicted PM2.5 sulfate from gas phase (a,c) and from aqueous phase (b,d) oxidation in January (a,b) and August (c,d) 2009. Units are mg m�3. The scales of the panels are set
to better illustrate the spatial distribution and facilitate the comparison of gas vs. aqueous production pathways.
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PRD and 20% in Chongqing. Nitrate in Taipei is usually low and the
main sources are power generation and transportation. In August,
contributions of power sector to nitrate are lower than January,
with contributions of approximately 35e40% in mainland cities.
The transportation and industry sectors are both important sources
in themainland cities. Contributions from the residential sector and
biogenic source (i.e. NO2 from soil) are small, with a maximum
combined contribution of approximately 10% in Chongqing. In
Taipei, predicted nitrate concentration is less than 1 mg m�3 and
transportation is the most important sector, accounting for 80% of
the nitrate in August.

The last two rows in Fig. 10 show the source apportionment
results for sulfate. In January, primary sulfate from power sector on
average accounts for 30% of total sulfate in Beijing and Shanghai,
and occasionally reaches 50% on some days. Significant day-to-day
variations of the primary sulfate are predicted. Combining its
primary and secondary contributions, power sector contributes to
60e70% of PM2.5 sulfate in all urban areas. The contributions from
industry and residential sectors account for the remaining frac-
tions. In August, the contributions of primary sulfate from power
sector are smaller than those of January but the contributions of
power sector to secondary sulfate increase. Overall, power sector
contributes to 60% of sulfate in Chongqing and 75e85% of sulfate in
other cities. The remaining contributions are due to industry sector
and the contributions due to residential sector are much smaller.

5. Conclusions

A source-oriented version of the CMAQ model is developed and
applied to study the contributions of major emission sectors to
PM2.5 nitrate and sulfate in China in January and August, 2009.
Model prediction shows that monthly-average inorganic compo-
nents (nitrate þ sulfate þ ammonium ion) can be as high as
60 mg m�3 and 45 mg m�3, in January and August, respectively. A
strong seasonal variation in the fractional contribution of inorganic
aerosol to overall PM2.5 loading is predicted: in most areas, the
inorganic aerosol components accounts for 20e40% of total PM2.5
in January but their contribution increases to 50e60% in August.
Model predictions based on the 2006 INTEX-B Asian emission
inventory show that power generation and industry are important
source sectors for both nitrate and sulfate. Transportation is an
important source to nitrate while residential activities contribute
a significant portion to sulfate in January. The variation in the
seasonal and source sector contributions emphasizes the impor-
tance of a better understanding the sources of nitrate and sulfate
when designing efficient regional emission control strategies.
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